INTRODUCTION
During the past twenty years, the use of wood has become popular as an alternative to conventional home heating fuels. Part of this movement has been due to uncertainty about the availability of fossil fuels. About ten percent of space heating in urbanized areas of the northern United States is from wood burning, with up to fifty percent in some .smaller, rural towns (42, 63, 75, 85) . Wood is obviously a renewable resource. This attraction is offset, however, by the increased air pollution emissions from wood heating devices compared with devices fueled with oil or gas. As noted initially by Cooper (20) , particle and organic carbon emission rates can as much as one to two orders of magnitude larger in wood heating devices than in oil or gas heating units. Legislation restricting the sale of conventional wood stoves first appeared in Oregon in 1984, followed by nationwide restrictions in 1988. Although rapid progress has reduced emissions in some types of modern wood heaters, older "conventional" wood stoves and fireplace inserts are still the predominant appliance in use today. As discussed later in this document, a number of communities continue to experience elevated levels of wood smoke during the winter heating season. In addition, elevated indoor air pollution levels have been observed in homes with non-airtight or improperly operated wood stoves. As a result, there has been an ongoing interest in the potential health effects of exposure to wood smoke. Several reviews of the health effects of wood smoke have been prepared (2, 3, 28, 53, 66, 75) . The present review attempts to summarize the information available on the chemical composition of wood smoke, concentrations of wood smoke in both indoor and outdoor environments, emission data, and the adverse respiratory responses in animal toxicity studies and epidemiological studies of human populations. A more detailed discussion of the emissions and the chemical and physical properties of wood smoke can be found in Larson & Koenig (58).
WOOD COMBUSTION AND WOOD SMOKE
Most wood burned for heat is cordwood with some increasing use of wood pellets. Cordwood heaters burn wood with a deficit of oxygen and readily generate products of incomplete combustion, including carbon monoxide and numerous organic compounds. If these vapors are not immediately oxidized, they cool as they are exhausted to the atmosphere with subsequent formation of fine particles rich in relatively high molecular weight organic compounds. A "conventional" wood stove fits this description. To reduce emissions from cordwood heaters, these vapors are oxidized directly downstream of the combustion zone either by using a noble metal catalyst to more completely combust vapors at the lower exhaust temperatures, or by using an insulated secondary combustion chamber to maintain a high exhaust temperature while mixing the gases with a separate stream of additional combustion air. The former method is employed in "catalytic" stoves, the latter in "non-catalytic" or "high technology" stoves. In contrast to cordwood heaters, pellet stoves take advantage of the larger wood surface area per unit mass of wood. Consequently, the higher heat transfer rates from the combustion gases to adjacent wood result in efficient vaporization of the wood prior to combustion. Mixing these vapors with excess combustion air at the top of a pellet bed results in much more complete combustion than that in conventional stoves. Wood consists of approximately 50 to 70 weight percent cellulose, which are polysaccharides, and about 30 weight percent lignin, which is a skeletal network of branch-chain polymers that provide structural integrity. In addition, there are small amounts of resinous materials and inorganic salts. The lignin polymer consists of two main monomers, a guaiacyclopropane structure and a syringylpropane structure. Upon heating, these structures break apart producing a large variety of smaller molecules, many of which are part of the general class of oxygenated monoaromatics (89) . Included in this class are methoxy phenols and methoxy benzenes, as well as phenols and catechols. This decomposition also produces benzene and alkyl benzenes. The presence of guaiacol, syringol and their derivatives as a group are unique to the burning of wood because they are a direct consequence www.annualreviews.org/aronline Annual Reviews of the destruction of the unique lignin structure. In contrast, phenols, catechols, benzene, and alkyl benzenes are not unique to wood combustion and have been found in the exhaust gases of other combustion sources. Table 1 summarizes the reported constituents in wood smoke and provides quantitative information on their emission rates.
Of the trace elements, potassium is found at relatively high concentrations in wood smoke. Combustion of hardwoods produces more ash (and thus higher concentrations of trace elements) than does combustion of softwoods. The particulate elemental carbon concentrations reported in wood smoke are somewhat controversial. Some researchers claim that up to 95 weight percent of the total particle mass is extractable in dichloromethane and/or methanol (88) , while others claim that up to 50 percent of the total particulate carbon is elemental carbon as measured by optical and thermal methods (78) . It seems reasonable to conclude that 5 to 20 percent of the total particulate mass is unextractable and that this unextractable fraction contains elemental carbon.
The size distribution of wood smoke particles has been measured by several investigators (23, 47, 49) . The particle volume peaks at between 0.15 and 0.4 Ixm, with essentially no particles greater than 1 Ixm. This is consistent with the fact that the majority of the mass is formed by condensation processes in the exhaust. Owing to their relatively small size, they are very efficient at reducing visibility and are not readily removed by inertial and gravitational processes.
Upon release to the environment, many compounds in wood smoke are expected to undergo some degree of chemical transformation in the atmosphere. However, there have been relatively few studies of these transformations (see ref. 58 for a more complete discussion).
ATMOSPHERIC CONCENTRATIONS OF WOOD SMOKE
In the past ten years, a number of studies have documented the outdoor concentrations of airborne particles resulting from wood burning. These studies are summarized in Table 2 . We have included only those studies in this table that quantified the levels of airborne particles using one of several chemical tracer methods. These studies document that wood smoke has been identified in airsheds in many areas throughout the United States. Numerous other studies have documented elevated levels of particulate matter in residential communities where wood burning is prevalent, but have not employed receptor models to estimate the wood burning fraction. Perhaps the most notable of these are the measurements taken in Klamath Falls, Oregon, that have exceeded 600 ixg/m 3 on a 24-hr basis during the winter (43) . Based upon inventories of fuel use, wood smoke may account www.annualreviews.org/aronline Annual Reviews EFFECTS OF WOOD SMOKE www.annualreviews.org/aronline Annual Reviews Some species are grouped into general classes as indicated by italics. 2To estimate the weight percentage in the exhaust, divide the g/kg value by 80. This assumes that there are 7.3 kg combustion air per kg of wood. Major species not listed here include carbon dioxide and water vapor (about 12 and 7 weight percent, respectively, under the assumed conditions).
3At ambient conditions; V = vapor, P = particulate, and V/P = vapor and/or particulate (i.e. semlvolatile).
for as much as 80 percent of the airborne particle concentrations during the winter (36) . The Klamath Falls studies emphasize another important point--the location of the air monitoring device. There is up to a fourfold difference between various parts of town, with the highest readings in the residential area (36) . This same spatial variability was observed by Larson et al (56) using a mobile nephelometer. They found that the nighttime drainage flow www.annualreviews.org/aronline Annual Reviews tended to concentrate the wood smoke at valley floors, with a consistent factor of two to three difference between ridge line and valley smoke levels. With this caveat in mind, we can see from Table 2 that the average nighttime concentrations of fine particle wood smoke vary from location to location. As expected, concentrations are higher in residential areas than in downtown urban or industrial areas and generally higher at night than during the day.
The agreement between different source apportionment methods, when compared, is good. Several studies are of interest to later discussions of the health effects of wood smoke. In addition to the Klamath Fails studies discussed above, the limited measurements by Carlson (15) in Missoula, Montana, indicated that most of the fine particle mass was due to wood burning. The measurements taken in Boise, Idaho, also found that most of the extractable organic material found in fine particles was from wood burning, with the remainder due to mobile sources (50, 61) . Finally, the measurements taken in Seattle, Washington, (56, 57) indicate not only that there are elevated concentrations of wood smoke particles during winter evening periods at a residential location, but also that most of the fine particle mass at this location is due to wood burning all weeks of the year. The fine particle mass concentrations at this site are low in the summer, and therefore the absolute concentrations due to wood burning are about an order of magnitude less in summer than in winter. Open burning restrictions did not go into effect in this area until September, 1992. Thus some wood burning is expected in the summer from burning of yard waste and land-clearing fires.
Although smoke levels in outdoor air are important, most people spend a majority of their time indoors, especially at night in residential areas. Indoor exposure can occur not only from infiltration of outdoor air, but also from emissions into the home from a wood burning appliance. Table  3 summarizes current knowledge of the effects of wood burning appliances on indoor air quality. The table is arranged by pollutants. Emissions occur into the home during fueling of the stove and may also occur during stove operation. More modern, airtight stoves generate fewer enfissions directly into the home than older, nonairtight stoves or improperly operated and/or maintained stoves. To put the emission rates listed in Table 3 into perspective, consider a 100 cubic meter room (approximately 20 by 20 feet). seven tenths of the volume of air in the room is exchanged with outside air every hour, and if 70 percent of the fine particles from the outside air penetrate into the home, then for a typical outdoor concentration of 20 g/m 3 of wood smoke particles there is an effective infiltration rate of 20 × 0.7 × 0.7 × 100 = 1 mg per hour of fine particle mass. This value is comparable to estimated emission rates of fine particles into the home due to leakage from "airtight" stoves (2.3-3.6 mg/hr; see Table 3 ). Higher www.annualreviews.org/aronline Annual Reviews z www.annualreviews.org/aronline Annual Reviews www.annualreviews.org/aronline Annual Reviews outdoor concentrations or more rapid air exchange rates would give larger infiltration rates. For most studies of fine particle mass in homes with airtight stoves, the indoor outdoor ratios are at or below 1.0, implying that infiltration is important even in homes with stoves. As also shown in Table  3 , the indoor/outdoor ratios are much higher for carbon monoxide and formaldehyde, two species that have a number of indoor sources in addition to wood stoves. The data for formaldehyde are particularly striking, implying that although wood stoves emit formaldehyde, their emissions are not a major determinant of overall exposure to this specie.
HEALTH EFFECTS
Many of the constituents of wood smoke described earlier aggravate respiratory disease and irritate mucous membranes. Knowledge of the toxicity of a compound usually depends on data from three sources: animal toxicology, controlled human studies, and epidemiology. In this section, we review the available information on wood smoke exposures, with emphasis on studies of human subjects.
Animal Toxicology
We restrict our discussion of animal toxicology to those studies employing whole wood smoke; we do not discuss data on individual compounds found in wood smoke. Unfortunately few data are available on acute effects and none on chronic effects of inhalation of wood smoke in animals. One study found an overall depression in macrophage activity, increases in albumin and lactose dehydogenase (LDH) levels (both indicating damage to cellular membranes), and a large increase in red blood cell numbers (7). A morphological study of injury from inhalation of white pine wood smoke in rabbits showed a reproducible, necrotizing tracheobronchial epithelial cell injury (90) . Another pathological result from wood smoke exposure comes from an investigation of smoke from burning pine wood delivered to the lungs of dogs (10). Significant increases in angiotensin-l-converting enzyme, a substance that regulates vasomotor activity in endothelial cells, was measured immediately after exposure and was even higher 30 min. post exposure. This pathological change could be an initial step toward pulmonary hypertension which is a suggested risk factor for a myocardial infarction. Fick and co-workers (32), in a study of young adult New Zealand white rabbits, reported significant changes in the numbers and functions of the macrophages after exposure to wood smoke from Douglas fir compared with control. Wong and co-workers (98) demonstrated a blunted respiratory response to CO in guinea pigs exposed to wood smoke, which may indicate disruption of respiratory neural control. Clark and co-workers (17) studied the distribution of extravascular lung water after acute smoke inhalation in www.annualreviews.org/aronline Annual Reviews xXX m w ww.annualreviews.org/aronline Annual Reviews mongrel dogs. The exposures were for two hours. Extravascular lung water, determined by using Evans dye, which binds quickly to plasma albumin, was increased in the smoke-exposed dogs compared with controls. Wood smoke was generated by burning a standard mixture of fir plywood sawdust and kerosene. Whether the plywood contained epoxys and the contribution of toxicity from kerosene were not discussed.
Extrapolation of the results of these animal studies to human populations living in areas with elevated wood smoke concentrations is very difficult. Instillation of material directly into the lung certainly is different from inhalation. Also, inhalation from a smoke stream would result in breathing considerably higher concentrations of smoke than seen in neighborhoods in the human breathing zone. None of the animal studies evaluated pulmonary function or symptoms of respiratory illness, the endpoints assessed in epidemiological studies. Some individual components of wood smoke, such as formaldehyde (5) and various products of incomplete combustion (25a), have been studied more extensively in animals.
Controlled Laboratory Studies
No controlled laboratory studies of human subjects exposed to wood smoke per se have been reported. There are some related studies with formaldehyde and environmental tobacco smoke but these are not discussed here.
Studies in Developing Countries
The health effects of inhalation of wood smoke have been documented in developing countries where women spend many hours close to an open unvented indoor fire used for cooking (2, 66). Increased respiratory symptoms, decreased pulmonary function, and large increases in the prevalence of chronic bronchitis have been reported in New Guinea, India, and Nepal. However, measurements of particulate matter have not been reported in most of these studies. Other studies, such as one in Nepal, compared concentrations of indoor particulate matter in huts where traditional cooking methods were practised ~to those where an improved cookstove was used (79) . Concentrations of total suspended particulate matter in the former averaged 2.7 mg/m3; a similar average concentration associated with the improved cook stove was 1.0 mg/m 3, still much higher than concentrations of particulate matter to which US populations currently are exposed. A recent report of indoor air pollution in a similar situation in China (indoor use of an open cooking fire) measured concentrations up to 25 mg/m 3 PM~0 (33) .
A recent clinical report describes a group of 30 nonsmoking patients whose lung disease may be due to wood smoke exposure (81) . These individuals were seen in Mexico City and all had a history of living in the www.annualreviews.org/aronline Annual Reviews countryside away from urban air pollution. The smoke exposure was the result of the use of wood and biomass fbr home cooking. These patients had abnormal chest X-ray scans showing a diffuse, bilateral, reticulonodular pattem, and evidence of pulmonary arterial hypertension. Their pulmonary function tests were consistent with a mixed restrictive-obstructive disease diagnosis. The authors suggest that this group of patients was suffering from wood-smoke inhalation-associated lung disease (WSIALD) (81) .
Epidemiology
Reports of lung function decreases in children associated with fine particulate matter in the early 1980s (24, 27) inspired investigations of one source those fine particles, wood smoke. Epidemiological investigations of adverse respiratory effects of wood smoke emissions in the US have centered on either symptomatology or pulmonary function. The symptoms measured have been the traditional respiratory disease outcomes; cough, wheeze, upper or lower respiratory infection. Pulmonary functions measured have been FEVI, a measure of air flow limitation caused by obstruction in the airways, or FVC, a measure of the total amount of air that can be forcibly exhaled from the lungs. All but one of the available studies have been carried out in children, most likely on the assumption that children are most at risk for adverse effects from inhaled irritants due to the small size of their lungs and also due to the immature nature of their immune system. Other advantages of children as subjects in studies of respiratory effects of air pollution are the relative lack of confounders such as years of cigarette smoking or occupational exposure. There is good precedence from the numerous studies of the effects of environmental tobacco smoke on children's respiratory health for suspecting that young children are vulnerable to inhaled agents. Eight reports have been published of associations between lung function and wood smoke in children studied in the field and one study of responses in adult subjects, summarized in Table 4 . An additional study of the association between visits to emergency departments for asthma and fine particulate matter (82) is included since this study was conducted Seattle where a considerable percentage of fine particles are produced by residential wood burning.
The earliest report of adverse health effects from exposure to wood smoke in the US came from Michigan. Honicky and co-workers studied 31 young children who lived in homes with wood stoves and compared them to 31 children who lived in homes with other sources of home heating (41) . They recorded respiratory symptoms over the telephone using a modified Epidemiology Standardization Project Children's Questionnaire (31) . The occurrence of cough and wheeze was much greater in children from the homes with stoves and, in general, both moderate and especially severe symptoms www.annualreviews.org/aronline Annual Reviews of respiratory diseases were significantly greater in the wood smoke-exposed children (p < 0.001). No measurements of wood smoke were reported. Previously, Tuthill reported the results of an investigation of symptoms of respiratory illness and respiratory disease prevalence associated with wood smoke and formaldehyde exposure (93). Symptoms were collected using a questionnaire; chronic respiratory illness was defined as physician-diagnosed chronic bronchitis, asthma, or allergies.
The subjects were 399 children from kindergarten through the sixth grade. Two hundred fifty eight lived in homes with wood stoves and 141 lived in homes without stoves. Although he found increased risk ratio --2.4 (confidence intervals 1.7-3.4) for exposure to formaldehyde (from off-gassing of building materials after new construction or remodeling, from foam insulation, or from wood burning), the risk ratio for exposure to wood smoke of 1.1 (0.76-1.7)
was not significant. The difficulty assigning formaldehyde exposure to sources other than wood burning was not discussed, although it is consistent with data from studies reviewed in Table 3. www.annualreviews.org/aronline Annual Reviews
The effects of wood stoves on general respiratory health in preschool age children was studied by Butterfield and others (14) . Ten symptoms respiratory disease were tracked in 59 children during the 1985-86 winter heating season in the Boise, Idaho, area. The children ranged in age from 1 to 5 1/2 years. Symptoms significantly associated with living in a home with a wood stove in use were frequency of wheeze, severity of wheeze, frequency of cough, and waking up at night with cough. An independent study of sources of extractable organic material in ambient particles in Boise during the 1986-87 heating season showed an average of 67% due to wood burning (61).
Another study compared the incidence of lower respiratory tract infection in Native American children with presence of a wood stove in the home (68) . The children lived on the Navajo reservation in Arizona. Cases were children less than 24 months of age with lower respiratory tract infection (bronchiolitis or pneumonia) who were matched with a control case visiting the clinic as part of a well-child program. Fifty-eight age and gender matched pairs participated in the study. Forty-nine percent of the cases lived in homes using wood-burning for heat, whereas only 33 percent of the control children lived in such homes. In this study, living in a home with a wood burning source of heat was a risk factor for lower respiratory tract infection (odds ratio = 4.2, p < 0.001).
Heumann and co-workers (36) studied pulmonary function in a group elementary school children in Klamath Falls, Oregon, using standard spirometric values. Pulmonary function test data were collected on 410 children in grades 3 through 6 at three time periods during the 1990 heating season. There was a significant decrease in average FEV1 and FVC among children who had the highest exposure to wood smoke. A preliminary report of this study was presented (35) ; analysis is still ongoing.
The 1977 Montana legislature funded an extensive Montana Air Pollution Study (45) , designed to evaluate whether air pollution was associated with adverse health effects in urban centers. The study involved third, fourth, and fifth grade children in five Montana cities. It measured lung function both within and between communities. Thus, lung function of school children living in communities with different levels of air pollution was ascertained. Also, comparisons of lung function changes of school children and air quality within a single community were evaluated. Each child served as his or her own control and analysis of covariance was used to test for statistical significance in the acute study within a single community. In the multicity study, linear regressions and principal components techniques were used and appropriate adjustments were made for factors such as altitude, which varied from city to city. Three-day averages of the pollutants were used. Both studies detected significant lung function effects associated with total www.annualreviews.org/aronline Annual Reviews suspended particulate matter (TSP) and both fine and coarse respirable particulate matter. Pulmonary function decrements ranged from 1% to 10%, 24-hr average TSP ranged from 24 to 128 txg/m 3 during the study period. Sources of the particulate matter were not identified, however the authors state that the particulate matter essentially was from wood burning and entrained dust. Measurements of fine particles (PM3.5) during this period found 68% by weight attributable to wood smoke in Missoula, Montana (15) .
One study in Denver, Colorado, of a panel of adult subjects with asthma was conducted evaluating the presence of a wood stove or fireplace in the home and symptoms of respiratory disease and shortness of breath (64) . Using logistic regression analysis, the presence of a wood stove in the home was associated with shortness of breath in females and both shortness of breath and moderate or severe cough in males (p<0.01 in all cases).
Two studies of the health effects of wood smoke have been conducted at the University of Washington. The first was a questionnaire study of respiratory health in areas of high and low ambient wood smoke pollution (11) . The communities were chosen based on extensive air monitoring wood smoke distributions in the greater Seattle area (56). Six hundred residences in each community were sent questionnaires and asked to answer for one adult and one children at each address. The initial questionnaire asked about chronic symptoms of respiratory disease, in mild, moderate, and severe categories (31) . Two follow-up mailings asked about acute symptoms over the past two weeks. During the study period, PM10 concentrations in the low wood smoke area averaged 33 ixg/m3; in the high wood smoke area, the average for the three months of the study was 55 ixg/m 3. Questionnaire responses were stratified by age; 1-5; 6-14; 14-44; 45-64; and >65. No statistically significant differences emerged between residents of the high and low wood smoke communities, however there was a pattern of increased symptoms and chronic illness in children aged 1-5 in the area with high wood smoke.
These suggestive data stimulated another study in the same air shed. In this second study, pulmonary function was measured in third through sixth grade children in two elementary schools in the area characterized as being affected by wood smoke (54). FEV~ and FVC were measured before, during, and after the heating season in 326 children during 1988-89 and in just 26 children with asthma in 1989-90. Wood smoke was assessed using an integrating nephelometer, a light scattering device. In this airshed there is a high correlation between light scattering coefficient and PM10. Analyses show that greater than 80% of particles in residential neighborhoods are from wood burning during winter months (57). Random and mixed effects models of statistical association were used to evaluate the relationships www.annualreviews.org/aronline Annual Reviews between lung function and wood smoke concentrations. Lung function measurements were compared with wood smoke concentrations for the previous 12 hr period from 7 p.m. to 7 a.m. Statistically significant decrements in both F.EV 1 and FVC were seen in young children with asthma, both at the p < 0.05 level. FEV1 and FVC dropped an average of 34 ml and 37 ml, respectively, for each unit of light scattering coefficient (l 10 -4 m -1 ). During the study period the PMI0 levels were over 90 txg/m 3 on four nights in 1988-89 but not above 110; the highest value during 1989-90 was 103 t~g/m 3. Thus, the National Ambient Air Quality Standard for PM10 Was not violated during either heating season. It was concluded that wood smoke is significantly associated with respiratory function decrements, in young children with asthma. A study of the relationship between fine particulate matter and emergency room visits for asthma in the metropolitan Seattle area was designed to help determine whether air pollution is a risk factor for asthma (82) . Using Poisson regressions controlling for weather, season, time trends, age, hospital, and day of the week, a significant association (p < 0.005) was found between fine particles measured at the residential monitoring station used in the studies described above and visits to emergency departments in eight participating hospitals. Analyses show that between 60 and 90% of particles in residential neighborhoods measured either gravimetrically or by nephelometers are from wood burning year round (57).
Suspended particulate air pollution is associated with decreased lung function and increased prevalence of respiratory disease symptoms in young children under 12 years of age (27) . In this two-year study of the relationship between pulmonary function changes in third and fourth grade children and air pollutant alerts in Steubenville, Ohio, researchers found a decline in pulmonary function tests associated with increasing 24-hr concentrations of total suspended particulate matter (TSP). Peak values of TSP ranged from 27 ixg/m 3 to 422 ixg/m 3. The pulmonary function declines were small but persisted for up to two weeks. The elimination of children with reported prevalence of coughs, coldg, and other respiratory symptoms did not change the estimated mean effect. Similar findings were reported from the Netherlands (24) in a study of children aged 6-11 years before and during air stagnation episode, although the effects of allergy and chronic respiratory disease were not evaluated. More recently, Dockery and co-workers (26) have reported increased rates of cough, bronchitis, and chest illness in children exposed to inhaled particulate pollution.
It certainly is biologically plausible that wood smoke could cause adverse respiratory effects. The average size of the particles (< 1 ixm) is such that these will travel deep into the lower respiratory tract (2). Some chemical species in wood smoke are chemically reactive and thus present a risk to www.annualreviews.org/aronline Annual Reviews respiratory tissues. The complex mixture of wood smoke allows deposition of reactive chemical onto particles that then can be carried into the alveolar region of the lung. As stated by Ammann (2), "irritants such as phenols, aldehydes, and quinones, as well as nitrogen oxides and sulfur oxides, in smoke may also contribute to both acute and chronic health problems. Generally irritants interfere with ciliary activity ... and hence the flow of the particle-trapping mucous stream. Inflammation, with all of its sequelae, also results."
In the earlier Six City Study report of children in Stcubenville (27) , group median estimate of the slope between FVC and total suspended particulate was -0.081 mL/l~g/m 3 for all children. When the estimate of a similar relationship (FVC/measure of fine particle concentration) is made using the Seattle data (54), the estimated mean FVC decrease per unit increase of PM2.5 is -1.8 mL/ixg/m 3 and +0.34 mL/l~g/m 3 for asthmatic and nonasthmatic children, respectively. The FVC change per unit increase in PM2.5 for the asthmatic children in our study is sufficiently pronounced as to suggest that fine particulate matter measured with a nephelometer may be more irritating than general industrial TSP. However, the difference between the two studies may be due solely to a increased sensitivity to airborne irritants in children with asthma. Based on prior work by Larson (56), the fine particulate matter measured on winter nights in this Seattle residential area is almost exclusively the result of residential wood-burning.
SUMMARY
In conclusion, this review reveals much about the constituents and fate of wood smoke but not enough about the health effects. Animal toxicological studies show that wood smoke exposure can disrupt cellular membranes, depress macrophage activity, destroy ciliated and secretory respiratory epithelial cells, and cause aberrations in biochemical enzyme levels. With respect to the human epidemiological data, the literature summarized in Table 4 shows a coherence of the data from young children, with 7/8 studies especially in children with asthma, reporting increased respiratory symptoms, lower respiratory infection, and decreased pulmonary function as a result of exposure to wood smoke. As Bates (6) has discussed, coherence of the data, although not amenable to statistical tests, carries the weight of linkage and plausibility. These adverse respiratory effects associated with wood smoke exposure also comply with many of Brandon Hill's aspects of association necessary to establish causation (40) . There is strength association, consistency (7/8 studies showing positive associations), temporality, plausibility, coherence, and analogy (using ETS exposure; 70, 94). A biological gradient has not been shown, although one is suggested in the www.annualreviews.org/aronline Annual Reviews 
